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Available online 10 May 2016AbstractNumerical simulation based on the Reynolds Averaged NaviereStokes (RANS) Computational Fluid Dynamics (CFD) method had been
carried out with the commercial code ANSYS CFX. The structured grid and SST keu turbulence model had been adopted. The impact of non-
condensable gas (NCG) on cavitation performance had been introduced into the Schnerr and Sauer cavitation model. The numerical investigation
of cavitating flow of marine propeller E779A was carried out with different advance ratios and cavitation numbers to verify the numerical
simulation method. Tip clearance effects on the performance of pumpjet propulsor had been investigated. Results showed that the structure and
characteristics of the tip leakage vortex and the efficiency of the propulsor dropped more sharply with the increase of the tip clearance size.
Furthermore, the numerical simulation of tip clearance cavitation of pumpjet propulsor had been presented with different rotational speed and tip
clearance size. The mechanism of tip clearance cavitation causing a further loss of the efficiency had been studied. The influence of rotational
speed and tip clearance size on tip clearance cavitation had been investigated.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Pumpjet propulsor had been widely used in Unmanned Un-
derwater Vehicle (UUV), which adopted the rotor-stator and
duct. The pumpjet propulsor had the advantages of light weight,
low noise and high efficiency. However, with the increasing
requirement of heavy loaded and high speed underwater
vehicle, the appearance of cavitation of the pumpjet propulsor
had become inevitable, which generated several unwanted ef-
fects, such as noise, vibration and efficiency loss. Moreover, the
tip clearance flow was the most complicated in the entire flow
field. The tip leakage vortex and tip clearance cavitation had a
tremendous impact on the hydrodynamics performance and
noise characteristic of the pumpjet propulsor. Therefore, it was* Corresponding author. Northwestern Polytechnical University, Xi'an,
710072, China.
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).imperative to investigate and analyze the tip clearance flow
during the process of the design of the pumpjet propulsor.
Present literature review suggested that the numerical
simulation of hydrodynamics and cavitation performance of
pumpjet propulsor was few and far between, and the investi-
gation of the tip clearance flow of the pumpjet propulsor was
even less. Although the experimental studies of cavitation
performance were able to precisely predict the variation of the
flow field. The experiment was time-consuming and need rigid
operating conditions. With the rapid development of compu-
tational methods, CFD method had become more and more
practical and reliable for the investigation of cavitating flows.
A lot of experimental and numerical studies of cavitation
phenomenon had been done on the hydrofoil (Kunz et al., 2000;
Dular et al., 2005; Szantyr et al., 2011). Simultaneously, the
research on the typical marine propellers had been carried out
(Lindau et al., 2005; Rhee et al., 2005; Liu et al., 2012; Zhu and
Fang, 2012). These researches mainly focused on the cavitation
performance as well as the comparison with the experimentalhosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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nomenon. Besides, the achievements of these studies promoted
the numerical and experimental research of the pumpjet pro-
pulsor. Some studies about the cavitation performance of the
pumpjet propulsor had been presented in recent years (Olsson,
2008; Suryanarayana et al., 2010; Shi et al., 2014). These pre-
vious studies presented numerical and experimental results of
the cavitation characteristic. However, the tip clearance flow
and tip clearance cavitation was barely covered. Besides, the
research of the tip clearance cavitation and tip leakage flow had
been carried out (You et al., 2004; Peng et al., 2013; Ding et al.,
2015). Nevertheless, the main research objects were turbine and
marine propeller, the pumpjet propulsor had not been involved.
In this study, the improved Schnerr and Sauer cavitation
model and the SST keu turbulence model based on RANS
method were adopted to numerically simulate the tip clearance
cavitation flow of pumpjet propulsor. The numerical simula-
tion method was verified to be reliable and applicable. The
structure and characteristics of the tip leakage vortex and the
influence on the propulsor efficiency were investigated. In
addition, the numerical prediction of tip clearance cavitation
had been presented with different rotational speed and tip
clearance size. The mechanism of the tip clearance cavitation
causing a further loss of the efficiency had been studied. The
influence of rotational speed and tip clearance size on tip
clearance cavitation had been analyzed.
2. Numerical simulation method2.1. Governing equationsFor an incompressible and single phase fluid, the governing
equations for RANS could be written as the mass and mo-
mentum conservations:
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where i ¼ 1, 2, 3, j ¼ 1, 2, 3, r was the fluid density, xi and xj
were the Cartesian coordinate components. p and ui repre-
sented the pressure and the time averaged velocity, respec-
tively. m was the dynamic viscosity and ruiuj was the
Reynolds stress. To correctly account for turbulence, the
Reynolds stresses were modeled in order to achieve the
closure of Eq. (2). An eddy viscosity mt was used to model the
turbulent Reynolds stresses, given as:
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where mt was the turbulent viscosity and k was the turbulent
kinetic energy.
The mixture multiphase flow model was generally applied
for the calculation of cavitation flow. However, the effects ofNon-Condensable Gas (NCG) on fluid density, velocity and
pressure distribution cannot be ignored based on the previous
studies by Szantyr (2006) and Yang et al. (2013). In addition,
the NCG volume fraction generated significant effect on pro-
peller cavitation phenomenon. Consequently, the cavitation
flow should be treated as the mixture of fluid, vapor and gas
nuclei other than the mixture of liquid and vapor. The result of
numerical simulation of propeller cavitation became more
accurate and reliable through considering the influence of
NCG on mixture density rm. The mixture density could be
defined as:
rm ¼

avrv þ

1 av  ag

rf
	

1 fg
 ð4Þ
where av and rv were vapor volume fraction and density, ag
and fg denoted NCG volume and mass fraction, rf represented
fluid density. For homogeneous multiphase flows, the gov-
erning equations were the same as Eqs. (1) and (2) of a single
phase fluid, except that the mixture density r used in Eqs. (1)
and (2) was replaced with the expression of the mixture den-
sity rm.2.2. Cavitation modelNowadays, the most successful and widely used cavitation
model for marine propellers cavitation performance simulation
was the Schnerr and Sauer cavitation model. In this study, the
Schnerr and Sauer cavitation model in commercial code
ANSYS CFX (2012), the default cavitation model, was
applied and improved to make it more suitable for the cavi-
tation performance simulation of pumpjet propulsor. Accord-
ingly, the mass fraction form of the evaporation and
condensation terms could be given as:
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where _mþ and _m represented the vaporization and conden-
sation rates per unit volume, respectively. RB depicted the
radius of a vapor bubble, Fvap and Fcond denoted the vapor-
ization and condensation coefficients, respectively. pv and p
represented the pressure in the bubble and the pressure in the
fluid surrounding the bubble, respectively. The NCG volume
fraction ag was introduced into the evaporation rates, the vapor
bubble radius changed to a constant.
According to the existing study by Ji et al. (2010), the SST
keu turbulence model was applied for closing the numerical
simulation in this study. The SST keu turbulence model
combined the advantages of stability of the near-wall keu
turbulence model and independent of the external boundary
keε turbulence model and could accurately predict the
beginning of the flows with better practicability and reliability.
Fig. 1. Computational domain and boundary conditions of E779A propeller.
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In order to verify the accuracy of numerical simulation
method, the numerical simulation of the steady cavitating
flows over a skewed four-bladed marine propeller E779A with
different advance ratio J ¼ U∞/(nD) and cavitation number
s ¼ ðpout  pvÞ=ð0:5rf U2∞Þ had been carried out, where U∞
denoted the free stream velocity, n was the blade rotational
speed, pout was the outlet pressure. The thrust coefficient
KT ¼ Thrust/(rfn2D4) and torque coefficient KQ ¼ Torque/
(rfn
2D5) were defined, respectively. The efficiency of the
propeller was defined as h ¼ KTJ/(2pKQ). The main param-
eters of the E779A propeller were presented in Table 1. The
computational domain and boundary conditions of E779A
propeller was a 1/4 cylinder passage as shown in Fig. 1. Fig. 2
showed the computational grid of E779A propeller. This
propeller had been widely tested for several years and a large
number of reliable experimental data were available by Liu
et al. (2012). Details for the numerical simulation were
given in our previous research paper (Pan and Lu, 2016).
4. Numerical simulation of tip clearance cavitation
Fig. 2. Computational grid of E779A propeller.4.1. Model geometry and computational domainIn this study, the whole hydraulic passage of the pumpjet
propulsor was selected as the computational geometry of nu-
merical investigation as shown in Fig. 3. Based on the consid-
eration of uniform inlet flow and in order to carry out the
numerical simulation of the pumpjet propulsor, the hemi-
spherical flow-guide was adopted on the propulsor. This
pumpjet propulsor had 11 rotor blades, 9 stator blades. Themain
parameters of pumpjet propulsor were presented in Table 2.
Fig. 4 showed the computational domain and boundary
conditions of the pumpjet propulsor. As could be seen from
Fig. 4, the computational domain was a cylinder (11Dt in
length and 5Dt in diameter) surrounding the pumpjet pro-
pulsor. The inlet was located 4Dt from the front face of
pumpjet propulsor, and the outlet was situated 6Dt from the
end of propulsor. The rotor domain was a rotating domain,
while the stator and the external flow field domain were sta-
tionary domains. The sliding mesh method was applied for the
interactions between the rotor domain and stator domain.4.2. Grid generationThe numerical simulation results were directly affected by
the quality of computational grid. The structured grid had theTable 1
Parameters of E779A propeller.
Propeller diameter (D) 227.3 mm
P/D ratio 1.1
Skew angle 4+48
00
Rake 4+3
00
Blade area ratio 0.689
Hub diameter (DH) 45.53 mmadvantage of using less memory and was very favorable for
the boundary layer calculation. Thus, all the computational
domains were filled with structured grids generated by
ANSYS ICEM (2012), as shown in Fig. 5. According to the
division of the computational domain, multi-block grid
method was selected to generate high-quality structured grid.
The grids around pumpjet propulsor adopted H hybrid grids.
The propulsor blade surface was surrounded by O-hexahedral
girds. Furthermore, 20 layers of girds were adopted to refine
the tip clearance in order to guarantee the accuracy of the tip
clearance numerical simulation, as shown in Fig. 6. The
number of entire computational domain grids was
approximately4.3  106, including 2.4  106 rotor domain
grids and 1.2  106 stator domain girds. Fig. 7 showed the
rotor and stator blade surface grids.Fig. 3. Pumpjet propulsor computational model.
Table 2
Parameters of pumpjet propulsor.
Rotor maximum diameter Rotor minimum diameter Stator diameter Duct inlet diameter Duct outlet diameter Duct maximum diameter Hub length
Drmax ¼ 240 mm Drmin ¼ 220 mm Ds ¼ 218 mm Dt1 ¼ 250 mm Dt2 ¼ 197 mm Dt ¼ 260 mm Lh ¼ 170 mm
Fig. 4. Computational domain and boundary conditions of pumpjet propulsor.
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the resultant of numerical simulation. The boundary condi-
tions were defined as follows. The inlet boundary was set to
normal speed 25.72 ms1, turbulence intensity was 5% as the
default, the vapor and liquid volume fraction were 0.1 and
0.9 at the inlet, respectively. The averaged static pressure was
specified at the outlet. The outlet pressure varied from the
cavitation number. The no-slip boundary condition was
applied on duct and blades. On the cylinder surface the free-
slip wall boundary was defined. Two sliding interfaces were
adopted between the rotating and the stationary domain. In
addition, the second-order backward Euler algorithm was
applied to calculate the time derivatives, and the second-order
upwind algorithm was employed to calculate the spatial de-
rivatives, and the finite volume method was selected to
discrete equations.4.4. Results and discussionSince the existence of the tip clearance between the rotor
blade and the duct, there would be the tip clearance flows.
There were two main reasons that accounted for the formation
and appearance of the tip clearance flows. One reason was that
the pressure difference between the pressure side and the
suction side. During the process of rotation, because the
pressure of the suction side of the rotor blade was lower thanFig. 5. Grid of entire computational domain.that of the pressure side, a small fraction of the fluid flowed
back from the pressure side to the suction side and led to the
appearance of the tip clearance flows. Because the rotor was
rotational and the duct was stationary, there was a relative
motion between the rotor and the duct that caused another
reason for the formation of tip clearance flows. As for which
kind of reason played a more important role, it was determined
by the type and the size of the tip clearance, the rotational
speed and the roughness of the inner wall of duct, etc. The
clearance size was represented as a non-dimensional value
which was defined as d ¼ Clearance sizeDt  100%.
4.4.1. Tip clearance effects on the performance of pumpjet
propulsor
The tip clearance flow would cause the radial velocity to
increase, while the viscosity force of the blade tip and duct
inner wall boundaries played a dominant role when the fluid
flows went through the tip clearance. Hence, the velocity of
the tip clearance flow was smaller with respect to the main-
stream. After passing the tip clearance, the tip leakage vortex
came into appearance under the influence of the rotor rotation
and the pressure difference, as shown in Fig. 8. Fig. 8 showed
the tip leakage vortex consisted of the two parts, the pressure
difference vortex and the leading edge sweeping vortex. In
Fig. 8 (a) the tip leakage vortex dominated by the pressure
difference vortex that was caused by the pressure difference
between the high pressure on the pressure side and the low
pressure on the suction side. Additionally, the pressure dif-
ference vortex would gradually mix with the main stream and
led to an energy loss that caused a final negative effect on
water and cavitation performance of the propulsor. As illus-
trated in Fig. 8 (b), due to the discontinuity of the leading edge
and the high speed rotation of the rotor blade, the sweepingFig. 6. Grid of tip clearance of rotor blade.
Fig. 8. Structure of the tip leakage vortex.
Fig. 7. Grid of rotor and stator blade.
223L. Lu et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 219e227vortex appeared in the leading edge and developed along the
blade tip, and then merged with the mainstream in the rear
region of rotor tip, which was able to supplement the mass loss
caused by the pressure difference vortex and improved the
development and transportation of the pressure difference
vortex. In addition, the sweeping vortex gave rise to the in-
crease of radial and tangential velocity of partial fluid and
promoted the rotation of mainstream.
Fig. 9 (a)e(c) showed the velocity streamlines and pressure
contours with different rotational speed at the tip clearance
size d ¼ 0.4%, which indicated the characteristic and structure
of the tip leakage vortex. With the increasing of rotational
speed, the phenomenon of tip leakage vortex was becoming
obvious. As for the low rotational speed situation, the tip
leakage vortex arose in the middle of blade tip and its strength
was not strong. Besides, the tip leakage vortex flows mixed
with the streamline, but was not obvious. Furthermore, the
sweeping vortex had a same strength as the pressure difference
vortex at this situation. The length of the sweeping vortex
extended to 80% of the length of the rotor blade tip, and then
dissipated at the downstream. Due to the high rotational speed
situation, the location of the tip leakage vortex appearance was
more close to the leading edge of blade tip and the strength of
the tip leakage vortex was stronger. At the leading edge of
blade tip, there was a spiral type low pressure region, which
inferred the inception of cavitation phenomenon. The impact
of the pressure difference vortex was more visible on the
mainstream, and even spread to the rear region of the adjacent
blade tip. Meanwhile, the strength of the sweeping vortex was
enhanced and the length decreased, as shown in Fig. 9 (c), the
length was less than half of the blade tip length.
In Fig. 10 the curves of water performance of the propulsor
with different tip clearance size were presented. As could been
concluded from the curves, the trend of all the curves with
different tip clearance size was the same, which increased with
the increasing of the advance ratio and then decreased. The tip
clearance size had an influence on the maximum efficiency of
the propulsor. For d ¼ 0.1% and 0.2%, the efficiency achieved
the maximum at J ¼ 1.791. But with regard to d ¼ 0.5%,0.8%
and 1.0%, the efficiency reached the peak at J ¼ 1.692.
Furthermore, the efficiency dropped with the increasing of tip
clearance size. The efficiency was the highest at d ¼ 0.1% and
the lowest at d ¼ 1.0%. Especially at J ¼ 1.45, the drop was up
to 5% between the biggest and smallest tip clearance sizes.Comparing the efficiencies of d ¼ 0.8% and d ¼ 1.0%, it was
indicated that the variation of the efficiency gradually became
indistinct with the increasing of the tip clearance size.
4.4.2. Numerical simulation of tip clearance cavitation of
pumpjet propulsor
The numerical simulations of propulsor efficiency of non-
cavitating and cavitating flow with different tip clearance
size were shown in Fig. 11. From Fig. 11 we could see, the
pumpjet propulsor efficiency of the non-cavitating and cavi-
tating flows with different tip clearance size increased with the
increasing of advance ratio and then decreased, and achieved
the maximum at n ¼ 3200 r/m. In the situation of high rota-
tional speed, the efficiency dropped significantly, over 18%.
However, as the efficiency ran up to the maximum at
n ¼ 3200 r/m, there was no remarkable difference between the
non-cavitating and cavitating flows, which indicates that the
design of the pumpjet propulsor in this study had taken into
account the effect of cavitation. Fig. 12 showed the co-
efficients of the thrust and torque of non-cavitating and cavi-
tating flow at d ¼ 0.5%. As illustrated in Fig. 12, there was
little difference in the torque of the non-cavitating and
Fig. 9. Velocity streamlines and pressure contours with different rotational speed at d ¼ 0.5%.
Fig. 10. Water performance of the propulsor with different tip clearance size. Fig. 11. Propulsor efficiency of non-cavitating and cavitating flow with
different tip clearance size.
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Fig. 12. Coefficients of the thrust and torque of non-cavitating and cavitating
flow at d ¼ 0.5%.
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dropped obviously at high rotational speed, which was coin-
cident with the efficiency curve in Fig. 11.
Meanwhile, Fig. 11 showed the efficiency of cavitating
flow was higher than that of non-cavitating flow during the low
rotational speed. For this abnormal situation, it could be
explained by combing the cavitation phenomenon of low
rotational speed, as shown in Fig. 13 (a). The red regions
meant the vapor and strong cavitation occurrence while the
blue regions stood for water with low or no cavitation. AsFig. 13. Vapor volume fraction with different rotational speed.shown in Fig. 13 (a), the angle between the incoming flow and
the rotor blade was not satisfactory duo to the low rotational
speed, which led to the occurrence of cavitation phenomenon
on the blade root and tip. Moreover, the cavitation phenome-
non on the blade root was more obvious than the blade tip, and
thereby resulted in the increase of the thrust and the
improvement of the efficiency of the propulsor. Simulta-
neously, with the increasing of rotational speed, the cavitation
region gradually extended to the suction side and blade tip of
the rotor blade and covered almost half area of the rotor blade,
as shown in Fig. 13 (b). At the same time, the cavitation
showed on the stator blade. Since the appearance of large area
cavitation, part of blade working in the environment of water
vapor caused the reduction of the thrust and the obvious ef-
ficiency loss of propulsor, as shown in Fig. 11.
Figs. 14 and 15 showed the cavitation contours with different
rotational speed and tip clearance size. As could be seen from
Fig. 14, under the condition of low rotational speed, the shape
and the intensity of the sheet cavitation on the suction side and
tip clearance cavitation with different n varied greatly. The
cavitation phenomenon of d ¼ 0.1% had been shown to more
developed than d ¼ 1.0%. For d ¼ 0.1%, there was no obvious
boundary between the sheet cavitation and tip clearance cavi-
tation, which caused that the interference and the fluid mass
transfer of two type of cavitation were intense. As to d¼ 1.0%,
the boundary was clearer and the mass transfer was less. In
addition, due to the small size of the tip clearance, the leakage
flow was squeezed by the inner wall of duct, which caused the
larger area of tip clearance cavitation. Consequently, the cavi-
tation phenomenon of small tip clearance was stronger for low
rotational speed. Under the circumstance of high rotational
speed, the intensity was more sharply and the area was broader,
more than half of the suction side and blade tip was covered by
the cavitation, as shown in Fig. 15. As a result of the high
rotational speed, the leakage flow had been sufficiently devel-
oped and the effect of squeezing was relative weakened, which
reinforced the tip leakage vortex so that the cavitation phe-
nomenon of rotor blade became more intense. Due to the larger
tip clearance size, the tip clearance cavitation was apparent
enhanced, even more obvious than that of the smaller tip
clearance size. The existence of rotational energy of tip clear-
ance cavitation caused a further loss in performance of pro-
pulsor. Moreover it may give rise to some other negative results
such as vibration and noise. Consequently, the reasonable
control of the tip leakage vortex and tip clearance cavitation was
non-negligible for the pumpjet propulsor.
5. Conclusions
In this study, numerical simulations of tip clearance cavi-
tating flow around pumpjet propulsor had been presented. The
improved Schnerr and Sauer cavitation model and the SST keu
turbulence model based on the RANS method were employed.
The numerical method had been verified. The structure and
characteristics of tip leakage vortex was studied. The tip
clearance cavitation of pumpjet propulsor with different rota-
tional speed and tip clearance size had been investigated.
Fig. 14. Vapor volume fraction with different tip clearance size at n ¼ 2400 r/m.
Fig. 15. Vapor volume fraction with different tip clearance size at n ¼ 4000 r/m.
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verification of numerical simulation method of cavitating flows.
The numerical simulations were developed with different
cavitation numbers at J ¼ 0.71, 0.83, the results in CFD and
experimental data showed reasonably good correlation. The
numerical calculations were carried out at three different typical
values of advance ratios J ¼ 0.71, 0.77, 0.83. The numerical
results with different cavitation number and advance ratio,
including the cavitation location and shape, were consistent
with experimental photographs with reasonable accuracy. The
numerical simulation method had been verified.
Tip clearance effects on the performance of pumpjet pro-
pulsor had been investigated. Results showed that the structure
and characteristics of the tip leakage vortex. The tip leakage
vortex consisted of the two parts, the pressure difference
vortex and the leading edge sweeping vortex. As for the low
rotational speed situation, the tip leakage vortex arose in the
middle of blade tip, and the sweeping vortex had a same
strength as the pressure difference vortex. For the high rota-
tional speed situation, the location of the tip leakage vortex
appearance was more close to the leading edge of blade tip and
the strength of the sweeping vortex was enhanced and the
length was decrease to less than half of the blade tip length.
The trend of all the curves with different tip clearance size
was the same, which increased with the increasing of the
advance ratio and then decreases. The efficiency of thepropulsor dropped more sharply with the increase of the tip
clearance size. The efficiency was the highest at d ¼ 0.1% and
the lowest at d ¼ 1%. Especially at J ¼ 1.45, the drop was up
to 5% between the biggest and smallest tip clearance sizes.
There was no obvious difference in the efficiency for the big
tip clearance. In the situation of high rotational speed, the
efficiency dropped more significantly, over 18%. The angle
between the incoming flow and the rotor blade led to the ef-
ficiency of cavitating flow increased contrarily compared with
non-cavitating flow during the low rotational speed.
The numerical simulation of tip clearance cavitation of
pumpjet propulsor had been presented with different rotational
speed and tip clearance size. The mechanism of the tip
clearance cavitation causing a further loss of the efficiency had
been studied. Due to the small size of the tip clearance, the
leakage flow was squeezed by the inner wall of duct, which
caused the cavitation phenomenon of small tip clearance was
stronger for low rotational speed. Under the circumstance of
high rotational speed, the leakage flow had been sufficiently
developed, which reinforced the tip leakage vortex so that the
cavitation phenomenon of rotor blade became more intense.
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